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ZSITBRFACE COWTROt. FOR FILM DEPOSITION BY 
OAS-CLUSTER lON-BBAM PBOCESSING 

5 BACKGROUND OF THE ZNVEirriQM 

this inveation relates generAlly to the formation of thin 
filois. and. raore particularly to the fonaatlon of thin 
dielectric films by gas-cluster ion-beaa (GCIB) on surfaces 

10 rendered free of native oxides to assure hl^ quality 
inter facial layers and films . 

The use of a GCIB for etchinfl, cleaning, and smoothing of 
the surfaces of various materials is knovn in the art (See for 
example, US patent 5,814,194, Deguchi, et al,. •Sulaetrate 

15 Surface Treatment Method", 1998). Means for creation of and 
acceleration of such GCTBs are also described in the E>eguchi 
reference. It is also known <US patent 5,^59.326. Yaswda. 
"Method for Surface Treatment with Cxtra~I>ow- Speed Ion Beam* , 
1595) that atoms in a cluster ion are not individually 

20 energetic enough (on the order of a few electron volts) to 
significantly penetrate a surface to cause the residual sub- 
surface damage typically associated with the other types of 
ion bean processing in which individual Ions nay have energies 
on Che order of thousands of electron volts- Nevertheless, 

25 the cluster ions tboaselves can be made sufficiently energetic 
(sooe thousands of electron volts) . to effectively etch, 
smooth or clean surfaces as shown by Yamada & Matsuo (in 
"Cluster ioa bean processing', isati. Sciciice in SesBiccofftictor 
Processing 2. C1998) pp 37-41). 

30 Tbe heart of high-density memory and microprocessor chips 

is a very thin film of an electrically insu lathing material 
fozmed on the surface of a silicon crystal wafer. Oliis 
insulator, referred to as the gate dielectric, saist sustain 
very high electric fields and serve efficiently as the key 

35 cosqponent In the storage of electrical charge. A conductor 

filn, not necessarily a true metal, nust then be fozned on top 
of the dielectric. Two basic types of ndcroelectronlc devices 
are fabricated Cron these so-called matal/ijisulator/ silicon 
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tMIS) layered structures/ namely bit storage or •memory", and 
logic transistors. An assembly of many bit-storage units on a 
single silicon wafer is used to fabricate dynamic rcmdom- 
access H«mory (DKAM) integrated circuits, while an ass^tibly o£ 

5 many logic transistors is used to fabricate microprocessors. 
As the cblp Industry moves towarxi smaller circuit elerftants 
packed more tightly on the chip, it is required that the area 
devoted to each charge- storage circuit on the chip bo not only 
smaller but also store at least the same amount of charge. 

10 Two approaches are possible, first the thickness of the gate 
dielectric filxn can be reduced and second the intrinsic 
storage al>llity of that insulator, called Its dielectric 
constant! can be increased by choice of a new kind of 
material. Up until the present time, the chip industry has 

15 used silicon oxide (nominally SiOj. referred to as silica or 
just "oxide- > as the dielectric and has succeeded in making 
each chip generation with thinner oxide films, frlhen the 
Insulator is this oxide, then the structures consisting of a 
conductor (metal or polyeilicon) film, on an oxide film, in 

20 turn on silicon, is the iQetal/oxide/silicon (MOS) structure 

en¥>loyed as the basic building block unit of the vast majority 
of the semiconductor industry product. But the trend of 
continuing to reduce the thickness of the oxide film in the 
MOS is projected to run out of potential as it reaches basic 

25 Physical limits. 

Silicon oxide thin films have been the basis for gate 
dielectrics in silicon-based very large scale integration 
(VLSI) couplementary metal-oxide semiconductors (CMOS) for 
several decades now. As the industry moves toward more 

30 advanced devices, the gate dielectric thickness is reduced 
with each design generation but will soon reach what is 
believed to be an ultimate limit. When the physical thickness 
of any dielectric jnaterial is less than about 5 to 15 A, 
direct ^antum tunneling across this dielectric barrier 

35 results in sufficient ctunrent (leakage) as to cause the CMOS 
transistors to malfunction. CMOS now being developed for 
production manufacture and marketing in the near future, will 
utilize oxide filns at about this critical thickness. Thinner 
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tilaa ot oscide cannot 37e used ui future generations of CHOS 
technology, no xoatter what their composition or state of 
matter. The pt^sical tliickness of tlie film nust be kept 
greater than this approximate amount. 

5 SleseBrch into new materials has suggeaced that a cosqpoisnd 

known as silicon nirride (nominally Si^^u^) nay be used for a 
gate dielectric with a higher dielectric constant. In a CMOS 
structure when the dielectric is other than silicon oxido, the 
layer stack of gate/dielectric/ 6ilic<»i is referred to as 

10 metal/ insulator /silicon or MIS. T%>e dieleccric constant (K> 

for SijH^ is about 4.2 conpared with about 2.13 for SiO,, at low 
frequencies. Conaiderable effort has already been expended on 
developing apparatus and methods to fabricate thin silicon 
nitride films. While material quality has inproved, it 

15 appears that heretofore it has not. been possible to avoid 

having the quality of this material coinprossised by either poor 
atomic structxure. unsatisfactory stoxchiometry (ratio of 
nusiber of silicon atoms to those of nitrogen), or unwanted 
inuurities such as o3^en or t^^drogen. This has delayed the 

20 introduction of such films and now it. is less clear that the 
modest increase in physical thickness will result in the 
necessary advantage for CMOS device performance in future 
generations . 

Ketal-oxlde conpcunds of many kinds, mainly those 
25 utilizing transition metals, have potentially useful 

dielectric properties as well as coa^tibllity with silicon 
wafers and the fabrication processes rexjaired to construct 
VLSI CMOS devices. I^^ere are a wide variety of materials 
being evaluated at present for this «^lication. which can be 
30 grouped according to the approjciinate icagnitude of their 

dielectric constant. So-calied laedium-K materials include: 
Ta,0,, CeO,. TiO,, ZrO,. HfO,, and (Al,2r)0j, CAl.Zr)©, can be 
formed with many ratios of Al to Zx content (as in a metal 
alloy} . For these, the k ranges fxcKn -10 to SO. with 28 for 
35 ZrO, and HfO, being typical , Tnese latter are known to pzrovlde 
films that at phiysical thickness of 50 k function in thin- film 
KXS capacitors irith effective (oxide-like) thickness of about 
10 X. Other metal -oxide compounds are dielectrics %«.th swch 
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larger k. Lhe so-called high-K matorials. Among these B&TiC,, 
SxTiO), PbTio,, ZrriOj and the alloys (Ba,6r)TiO, end <nb.Zr)TiOt 
are known to have k In excesa of 100 and In single crystal? in 
excess of 1000. Pilm deposition and processing difficulties 
S presently limit, the introduction of these dielectrics into 
CMOS technology. 

Oxide dielectric films on silicon of the best quality are 
grown at elevated teiqperature by reaction of environmental 
oxygen or o>Qrgen-ccntaining gaesee with the silicon surface, 
10 i.e., so-called thermal oxidation. All of the dielecurlcs 
with larger k nwist Ise deiaosited and this introduces several 
difficulties. One of these difficulties is that the metal* 
^cide coi apou nds that connpose these dielectrics will themselves 
react with the silicon forming a coanpound of iDecal, silicon, 
IS end oxygen in a thin layer at the interface (R. Ono and x.-z. 
Koyanagi in 'Format ion of Silicon-Oxide Layers at the 
Interface Between Tantalum Oxide and Silicon Substrate" . 
Applied Physics Z^ttera, Vol. 75, pp. 3521-3523 (1999) >. 
Itese interfacial layers often are poor quality dielectrics 
20 -with either reduced fc, are scxnewhat conducting or have a high 
density of charge trapfping sites. Also* any appreciable 
thickness of this layer will then reduce the overall effective 
dielectric effect of the cai>acltor in the CMOS device and 
hence the deposited film saast be reduced in thickness to 
25 achieve the required capacitance, and this in turn counters 
the intent of using the higber-K film laaterlal. 

One nearly ideal construction for tnetal-oxide dielectric 
films on silicon is Co have a single atomic layer (i.e., a 
iDOJioloyer) of some suitable element teminating the silicon at 
30 tbe interface. Hydrogen and nitrogen are two )cnown suitable 
elem^tB for silicon termination. Silicon wafers < prior to 
coverage with a film, ere )aMA«n to be extremely react:ive with 
oxygen containing gaeses, even in trace auxronts. This 
react:ion forms a very thin oxide film, often called a native 
35 oxide on the silicon surface, but it is of poor dielectric 
quality. Hechoda are lotoMn to use acjaeous solutions with RP 
that etch off oxides from silicon and leave bdhind a monolayer 
of hydrogen, so-called hydrogen temination (H- termination) of 



(20) 



JP 2004-521476 A 2004. 07. 15 



WO01i8«IJ rCTA;S0IM26 

5 

tlie surface. Coxnell et al (t?S 5.173.474, Silicon Substxate 
Haviog an Gpicaxlal Superconducting Layer Thereon and MeUiod 
oi Kaking Sana. (1992)) have described such a method that can 
be Incorporated into the process for thin film deposition by 
5 the nethode o£ physical -vapor deposition (pvp» including 

pulsed-laser deposition (PLD) . Heating the silicon wafer to 
well above 400 X: in the deposition systenk just prior to 
initiation of the flux of material to be deposited, catuaes the 
hydrogen to desorb from the silicon and to move into the 

10 chani>er vacuum. Tlius, hydrogen is zK>t present on the surface 
daring the film deposition, and consequently, upon cosqpletion 
of the deposition, no hydrogen remains as an interfacial 
layer. Yttri a- stabilized zirconia (YSZ) films deposited by 
this nmthod were found to form dielectrics useful in HIS 

15 capacitors (see £. Ajlmine, et al. in "Blectrical 

Characterisation of Metal * insulator Semiconductor Diodes 
Fabricated from Laser-Ablated YBa^CUjOr^/vccria-Scabilized 
Zirconia Filins on Si Substrates*. Applied Physics I^etters. 
Vol. 59, pp. 2889-2691 (1991); and J. Qiao, ec al. in 

20 **rhennally Activated Sever slble ilureshold Shifts in YBasCu^O,. 
s/Yttria-Stabilized Sirconia/Si Capacitors*. AppXled Pities 
Vettm. Vol. 61. pp. 3184-3186 (1992); and J. Oiao. et al. 
in "DetemuLxiation of the Density of Trap States at 
Stabilized Zra»/Si interface of YBa^0,^Y,O»-Stdbilized 

25 ZzOj/si Cfl^citors". applied Riysics Letters. Vol. 64, pp. 
1732-1734 (1994)). 

It is known that nitrogss annealing haa an in^oving 
effect on the dielectric quality of many types of grown oxide 
dielectrics on silicon (see H. Yang and G. Luccvslv, 

30 -Integration of ultrathin (1.6 - 2.0 nm) RPECVD Qxynltride 
Gate Dielectrics into iXial Poly- Si Gate Submicron GMDSPBTs* 
XEOS rschaic^l DigedC. pp. 245-248 IIEBE. 1999)). Ritridation 
of the silicMi surface prior to growth by exposure to NO or NK, 
gas results in a very thin interfacial layer after deposition 

35 of oetal-ooeide dielectric fllss (see B.F. liuan. et al.. *Uigh 
Quality Ta,<^ Gate Dielectrics %rith < 10 A". 1EZ» ^^ecftnical 

Oiffesc. pp. 141-144 (IEEE. 1999)). The nitrogen- termination 
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layer reduces the charge-- trapping dofect.8 and acta as a 
diffusion barrier to prevent the oxygen of the overlying 
iTjetal -oxide film frow roigrating down to the silicon where it 
would otherwiee form a eilicon oxide. 
S Methods of hydrogen termination, of silicon that render 

iitproved interfaces with cubsequently deposited thin, metal 
films havG been described by 1. Kondo et al. {in "Effects of 
Different Protreatncnts on the Surface Structure of Silicon 
and Che Adhesion of Metal Films'. JOLimaJ of Vacuum Science 

JO Audi Technology, Vol. AlO. p. 3166-3170 (1992); in "Interface 
Structure and Adhesion of Sputtered Metal Filirs on Silicon: 
The Influence of Si Surface Condition" , *7ournai of Vacuuro 
Scionco and Technology, Vol. All, p. 319-324 (1993)): by B.G. 
Demczyk et al. (in -Growth of Cu Pilzns on Kydrogen Terminated 

IS Si (100) and Si (111 I Surfaces", Journal of Applied PI^icB, 
Vol. 75. p. 1956-1961 (1994)); 1^ B.T. Krastev et al. (in 
"Surface Korphology and Electric Conductivity of Epitcucial 
Cu(lOO) Films Grown on H-Terminated si (100)*. aouxnal of 
Applied Physics, Vol. 79. p. 6665-6871 (1996) ); and by H. 

20 Gong et al (in "Hig^y Oriented HiFe Soft Magnetic Filata on Si 
Substrates", Joitmal of Ai^lied Phyaics, Vol. 85, p. 5750- S752 
(1999)) . 

2t is highly desirable to effectively form thin 
dielectric filits %rtiich overcosne the past problems associated 
25 with such thin film deposition. 

It is therefore an object of this invention to provide 
iaqproved n^thods for deposition of an inq(xroved tbin dielectric 
film on silicon xAafers. 

It is a further object of this invention to inprove 
30 control of the interface and interfacial layer between a 

semicmductor and a thin dielectric film on the semiconductor. 

SUMMARY OF THE INVENTION 

3S The objects set forth above as well as further and other 

object.s and advtoitagea of the presenc invention are achieved 
iDy the various embodiments of the invention described 
herelnbelow. 
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Hfithods are disclosed Cor gas-cluater ion-bean deposition of 
chin eilnis on siliecn wafers rendered free of oacive oxides by 
teratinacion of the surface bonds. The present invention 
controls the interface between deposited thin films and 
5 tnonocrystalline silicon, which is critical to the film 

properties, and hence eaihances the usefulness of such films in 
microelectronic and photonic eo^plicetions. Hydroffsu 
temdnation of the surface of silicon renders it inert to 
rooxidation from oxygen- containing environmental gasses, even 

10 those found as residue in vacuum systems, such as those used 
to dcqgtosic films. Nitrogen termination inproves the interface 
with overlying metal-oxide thin filns. Die present invention 
describes both ex-si tu and in- situ methods for' terrolDation . 

Upon initiation of the f ilcwdeposition flux, much of the 

IS hydrogen is displaced from the surface and the filjn is formed 
in intinate contact with the silicon crystal surface forming a 
nearly ideal Interface. Zoo beams conposed of nanoparticles 
or clusters of condensed gasses may be used to deposit thin 
films with advjuitages derived from the nanoparticle iirfiact 

20 energy but without the known effects of icm nixing, 

ii:i>lantation and roughening which occur with atoitdc and 
molecular ion-beam deposition. Advantages of tbis combination 
of deposition and initial substrate surface processing are 
described in detail bereinbelow. In particular, this 

25 invention is especially effective for, but not limited to, 
fonaation of metal -oxide compounds such as Ta,Oj, CeOk. flfO,, 
TiO;, ZjtO, and Al,2rj.,0, with higher dielectric constant than 
silicon dioxide films. 

For a better xmderstanding of the present invention, 

30 together with other and further objects thereof, reference is 
made to the accospanying drawings and detailed description and 
its scope will be pointed out in the appended claims. 

BRIEF OSSCBIPTZON O? THE URUKDHQS 

35 



Figure 1 ia a schcaoatic showing the basic elements of a 
prior art QCIB processing system; 
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Figures 2A tltrough 2D are a se<iuc5ice showing a prior art 

method for aepositlon o£ thin oxide films by u^se of & gaa- 

cluater xoa beaxn; 

Pigures 3A through 3D are a sequence showing thin film 
5 Comation according to an embodiment of the invention 

Figures 4A through 4D are a sequence showing thin film 

£omacioa according to a second endbodiment of the inventions- 
Figures 5A through 5D are a sequence showing thin film 

forroation according to a tbird eihbodlinent of the invention; 



Figure 6 is a schematic showing the hasic elements o£ a 
GCIB processing system with wo]ricpiece heating loeana. 

DETAILSD DESCRXPTZQN OP THE PHSF^RSP EMB0OZK&NT9 



Figure 1 shows a typical configuration for a QCIB 
processing system 100 of a form Jcnown in prior art, which has 
capability to perform GCIB processing including GCXB assisted 
deposition, and which may be described as follows: a vacuum 

20 vessel 102 is divided into three coanmunicating chasdsers. a 
source chaantber 104^ an ionization/acceleration chaidber 106* 
emd a processing chairber 108. The three chandbers are 
evacuated to suitable operating pressures by vacuum puinping 
eysteitts 14 6d, l<&6b, and 146c« respectively. A ccsndensable 

25 source gas 112 (for exaiqple an inert gas such as argon or a 
reactive gas such as K,) stored in a cylinder 111 is admitted 
under pressure throiigh gas metering valve 113 and gas feed 
tube 114 into stagnation chamber 116 and is ejected into the 
substantially lower pressure vacuum through a properly shaped 

30 nozrle 110. A supersonic gas jot 118 results. Cooling, which 
results frcan the eotpansion in the jet. causes a portion of the 
gas jet 118 to condense into clusters, each consisting of frosn 
several to several thousand weakly bound atoms or molecules. 
A gas skimner aperture 120 partially separates the gas 

35 molecules that have not condensed into a cluster jet £rom the 
cluster jet so as to ninindze pressure in the downstream 
regions where such higher pressures would be detrimental 
(e.g.« ioniser 122, high voltage electrodes 126, and process 



10 



and 



15 
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chanibez- 108} . Suitable condenaable source gases 112 include, 
but are not necees&^lx litsitcd to axyon* nitrogen, caxbon 
dioxide, oxygen, and other gasea. 

After til© supersonic gas jet 118 containing gas clusters 
5 has been formed, the clusters ar« ionised in an ionizor 122. 
The ionizer 122 is typically an electron unpact ionizer that 
produces thennoelectrons frosa one or more incandescent 
filaments 124 and accelerates and directs the electrons 
causing them to collide with the gas clusters in the gas jet 

10 118. where the jet passes through the ionizer 122. The 

electron isnpact ejects electrons from the clusters, causing a 
portion the clusters to become positively ionized. A set of 
suitably biased high voltage electrodes 126 extracts the 
cluster ions from the ionizer, fonsing a beam, then 

15 accelerates chem to a desired energy (typically £roa 1 keV to 
several tens o£ keV) and focuses them to form a OCXS 128 
having an initial trajectory 154. Filament power siipply 136 
provides voltage to heat the ionizer filaanent 124. Anode 
poror supply 134 provides voltage Vj^ to accelerate 

20 theznoelectnans esoitted from filamextt 124 to cause then to 
bcRS>ard the cluster containing gas jet 118 to pro<Suce ions. 
Extraction pover supply 138 provides voltage v. to bias a high 
voltage electrode to extract ions front the ionizing region of 
ioniser 122 and to form a OCIB 128. Accelerator pover suf^ly 

25 140 provides voltage to bias a high voltage eleccrode with 
respect to the ionizer 122 so as to result in a total OCIB 
acceleration energy equal to electron volts (eV) . One or 
toore lens power supplies (142 and 144 showi for e3caj:s>le) may 
be provided to bias high voltage electrodes with potentials 

30 (V,,j and V„ for exasr^le) to focus the GCIB 128. Two pairs of 
orthogor;ally oriented electrostatic scan plates 130 and 132 
can be utilized to produce a raster or other scanning pattern 
across the desired processing area, beam scarining is 

perforcied, the GCIB 128 is converted into a scanned GCIfi 148. 

35 for scazming the entire surface of workpiece 1S2. 

An evaporation oven 156 has an electrical heating coil 
158 that receives electrical pot#er from oven power suj^ly 166, 
%dxich is adjustable so as to permit operation of the 
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evaporation oven 1S6 over a ranye of selectable ternperatures 
rajigizig from roarts ten^rature to several hundreds of *Xi. Ilia 
evaporation oven 156 ic filled with a charge 160 of 
vaporizoble feed material that is to be vapor deposited on 
5 vorkpiece 152. Depooition vapor plume 162 is produced by 
evaporation oven 1S6. Th& evaporation oven is disposed so 
that the deposition vapor plume 162 is directed toward 
worlcpiece 1&2. 

The workpiece 152, «rtilch may be a senticonductor wa£er or other 
10 tiorkpiece to be processed by GCIB processing, is held on a 
workpiece bolder 150, disposed in the path of the GCIB 148 and 
deposition vajwr pluma 162. For OCIB processing without 
deposition, the workpiece 152 is irradiated only by scanned 
OCtB 148. For GCIB assisted deposition, the %mrkpiece 152 is 
1^ irradiated by both scanned GCIB 146 and deposition vapor pluste 
162. 

'Qie prior art for GCIB deposition of thin oxide films is 
illustrated as a sequence of steps in Figures 2A through 2P 
The Figure 2Pl shows the cross^secticm o£ a substrate, for 

20 example a silicon %«afer 210 with a native oxide 220 on the 
wafer. In Figure 2B. th» cluster-ion processing is shown as a 
processing chasnber 250 of a conplete OCIB processing system 
(not shown) that bombards the wafer 210 and native oxide film 
220. The booi>arding materials are the clusters 240 and these 

25 cause a film 230 to form on the substrate surface. That 
forrcation or deposition nay occur by chemical reaction of the 
gas-cluster material with the substrate surface, or a reaction 
of the cluster- gaa material with any other source of beam 
material 260. such as evaporated or sputtered metal. In 

30 Figxire 2C, the formed film 235 is complete etnd is now thicker 
than 230. Finally, Figure 2D shows use of the film 235 on the 
substrate wherein , by known methods, a metal or conducting 
film 270 is fabricated on top. to eactcmal electrical circuit 
280 inclioding wires and a voltmeter (V) serve to form a 

35 parallel -plate capacitor (210. 220. 235, and 270) and cbargix^; 
apparatus <260). according to known art. 

Figures 3A through 3D shows a first seouence of steps for 
thin filn formation according to a first method of this 
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invention, in Figure 3A, a silicon wafer substrate 310 is 
shown icnmer^ed in a wet-aolutlon ctiendstry 330 made up of HF, 
water and ethanol or like, and contained in a wet processing 
vat 305. This results In the etching a>w»y of the native oxide 
5 and replacement by a mcmolayer of l^rdrogen 320, thus hydrogen 
terainati<»i of the silicooa surface, in a conventional way. 

Solutions of hydrofluoric acid (HP> in water are knonm to 
be useful for etching oxide films froa silicon wafers since 
the etch rate of silicon in Uiis type of solution is extrentely 

10 slow. It is known that if the vnfer is essentially free of 
contamination (typically by virtue of a previous cleaning 
procedure) and the wafer is not further exposed to other 
solutions such as a water washing or flushing, then the 
surface of the silicon after the KP etch is extremely stable 

13 against reoxidacion as a consequence of a onnolayer of 
hydbrogen at the surface. The t^drogen begins to desorb from 
that surface xj^on heating to about 400 *C or upon deposition of 
a film onto that surface. in the latter case, the impact of 
the deposition substance and associated knock-off collisions 

20 or chemical ^xdhaoQB reactions will remove the hydrogen from 
the interface. 

According to this first method of Uze present invention, 
silicon wafer substrates are first cleaned by aggressive 
agents in wet acid/base solutions and then treated with an HF 

25 solution. The preferred wet cleaning ie acccmtplished by the 
known -RCA* method (first reported at HCA Laboratories) 
whereby a sequence of solutions is applied to the wafer, such 
as: SCI. piranha, SC2 and water. Here the SCI is an aqueous 
solution of NH«OH and HjO. heated to about 70 *C. The SC2 is an 

30 aqueous solution of BCl and HjO, also heated to about 70 *C. 
This piranha is an acid etch solution consisting of and 
H3O, «d3ic^ xray be heated to as much as 100 or 150 *C. Kany 
variations on this basic sequence are known in the art, and 
many of these methods are suitable for application in the 

35 present invention. 'Wje choice depends primarily on the extent 
and type of contaroination initially on the wafer. 

Next this clean silicon wafer substrate is ininersed in an 
HF solution for etching and H-termnation. Hie solution may 
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b« sias>ly kf and vater. in proportions of about 1% up to 10% 
concentratod hp, or with additional ingredients. Additions of 
etrhanol or methanol (replacing moot or alX of the water) are 
helpful Eor Improving chei wetting of eilicon, especially after 
5 the oxide la rcRoved, and additions of NH,F (typically 7 part a 
40% KH|F in 1 part concentrated BF) are useful Cor buffering 
the solution p«. Innersion time required to remove all the 
native oxide on silicon depends on the thickness of that 
oxide. l^is is typically 3 to 5 ns> and hence 10 to 15 sec 

10 innersion is sufficient. It is preferred to apply the BF 
solution by dispensing it onto the silicon «eafer substrate 
fron a pipette, or the like, while the wafer is rapidly 
rotating in a wafer spinner « since the epinning actim serves 
well to dry the wafer surface after a few seconds on ienmersioD 

tS in the solution. It is iniportant not to wash this etched 
surface with any liquid such as water or to expose it to beat, 
since at this point in the process the surface has the 
hydrogen monolayer. 

This H> terminated silicon wafer substrate 310 is next 

20 ceounted in a guib processing chand>er 370 of a GCZB proceasing 
system having %rorkpiece heating means capable of heating the 
silicon wafer substrate 310. Such a QCIB processing system is 
described hereinbelow. The processing chajrber 370 is 
evacuated co a pressure of 10''' millibar or less. The silicon 

25 wafcar substrate 310 is heated CO about 200 to 300 ^C. in the 
vacuxim, for a few ainutes at this point to desorb any water 
that is adsorbed, on the substrate surface. In this temperature 
range the hydrogen is not resaoved. As the desorbsion process 
nears cos^jletion, it is preferable that nhe pressure in the 

30 GCXB processing chamber be decreased, and pressure in the 
range of ID'* to 10 ' millibar is preferred. 

Next che H-terminated silicon wafer substrate 310 is 
bombarded by gas-duster ions 360 of a species that is 
reactive with the silicon, nitrogen for exanple. Ibe gas- 

35 duster ion bambanftnent removes the hydrogen that has 
previously terminated the silicon wafer substrate's aurface 
and forms a film, silicon nitride, for example. Figure 3B 
shows the previously K-texminated silicon wafer substrate 310 
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bein9 bos^rded by gas-cluster ions 360 wich a GCIB apparatus 
370/ tber-eby rercoviug the H and forming a Cilro 350. silicon 
□itride for example, directly on the substrate. During the 
ffas- cluster ion bombardment, the pressure is preferably 10"* 
5 siillibar or less so as to limit the escposure rate of the 
silicon surface to hydrogen* oxysen. and water vapor during 
deposition. An extremely thin, inter £acial layer 340. which 
is substantially free of hydrogen, n»y be formed also. At the 
completion of the reactive gas -cluster ion bocibardment. shoun 

ID in Figure 3C. the filn 35S that has been formed is much 
thicker. Finally. Figure 3D shows a metal layer 380 is 
fabricated by conventional methods onto the top surface of the 
film 355, and circuitry 390 is attached so that the 
construction functions as a pauiallel-plate capacitor. 

IS According to a second method of this invention, silicon 

wafer substrates with native oxide are processed with a GCIB 
processing system having workpiece heating capability, and 
tAiich system is operated in sequence with certain gases so as 
to have a collective effect of forming high quality, metal - 

20 oxide filnis on the silicon. First the silicon wafer substrate 
is cleaned and terminated with the known acid/base RCA 
methods, as described previously for the first method of this 
invention. Kext the wafer is mounced into a GCIB process 
chamber, the chana?er is evacuated and the substrate heated to 

25 desorb any water, again ae dascrlbod previously. 1*10 gas^ 
cluster itKi beam is initially directed onto the sazple using 
argon gas and the exposure is limited to a brief period of 
time sufficient to etch away a thicJcness of SiOj correspoxM3ing 
to the estimated native-oxide thickness pluc about a 10% 

30 overdose. The etch rate for the native oxide can be estimated 
by a series of timed and incremental argon-cluster doses to 
calibration films of SiO, grown in a hi^-ten^xsrature furnace 
on a silicon wafer. After dose, the films are then inspected 
with a measuring microscope of high resolution to determine 

35 the depth of the etch for each region where a known dose had 
been applied. 

After GCIB removal of tine native-oxide, the GCXB source 
gas is changed from argon to nitrogen and the wafer is eitposed 
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for a period of time sufficient to convert the surface to at 
Xeaet one monolayer of nitrogen (plus about o 10% overaoso) , 
thereby forming eesentially a silicon nitride film. (The 
required exposure time can be estimated from calibrations by 

5 way of known dose increments to teat son«>les follovred by 
nitride film thic>aiess measurement . } Then the GCIB source gas 
is changed again to argon and the surface is etched for the 
same hrief period of tame that was estimated to rfsaove the 
native oxide. Subsequently the GCIB source gas is returned to 

10 nitrogen and the wafer exposed to at least one monolayer of 
nitrogen tplua about a 10% overdose). Additional repetitions 
of the ajrgon and nitrogen gcxb sequence of enposuras may be 
eioployed to renove any residual traces of oxygen at the 
silicon interface. 

IS Figures 4h through shows this second sequence of steps 

for thin film formation according to this invention. In Figure 
4A« the silicon wafer substrate 410 is shorn with a native 
oxide filai 420 undergoing bombardment by gas- cluster ions 430 
within 9 conventional GCrB apparatus 440. Here the gas is 

20 selected to be such that it causes a cbendcal reaction %rith 
the native oxide film and in turn sputter etches that film 
away. After the native oxide has been entirely removed hy 
this method, the gas forming clusters in conventional GCIB 
apparatus 440 is changed to a second species 470 shown in 

25 Figure 4B that will react appropriately with the silicon wafer 
substrate 410. An extremely thin interfacial layer 450 may be 
formed. At the cojJ5>leticm of the ^cposure to second species 
470, shown in Figure 4C, the film 4S5 that has been fonced. is 
much thicker. Finally, Figure 4D shows that a metal layer 480 

30 is fabricated onto the top surface of the film 465, and 
circuitry 490 is attached so that the construction functions 
as a parallel-plate capacitor. 

According to a third method of this invention, it is 
preferable that thin^film deposition, especially of metai- 

35 oxide conviouiuas be receded by deposition of approximately one 
monolayer of one of certain metals onto tha H> terminated 
silicon. Hetals known to function best for this purpose are 
those with a high oxygen affinity, including 2r, Hf. Kg, Ti 
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azid Y. A conventional evaporacion oven source may be used or 
en electron-'beajn evaporator will serve for more rapid 
dcqpositlons. l>eposition of Uiis metal monolayer will be best 
at the lowest suldstrate tenperature consistent with overall 

S £unction, and ooibient room tenperature is preferred. 

Following the formation of the metal later facial layer. 
Ute gas-clttdter ion beam <GCXB) is initiated and begins to 
bombard the sasnple simultaneously with the deposition of a 
metal from a thermal or an electron-beam evaporation source. 

10 That metal oust now be the element or elements that are 
intended for the mstal-oxide compound film that will serve as 
the dielectric layer on the silicon eobstrate. The GCX3 is 
formed from oxygen gas or anv condensable' gas containing 
oxygen, such as NO. CO. CO, or HsO. The beam is formed lay 

15 ioni.zat.ion of che clusters « acceleration through a high 
voltage and incidence on the substrate at normal or near- 
normal angle. The acceleration voltetge is chosen so that the 
cluoter ion has an energy of a few to a few tens of electron 
volt8« on average, per molecule contained in the cluster. 

20 Optionally the beam may be electrostatically scanned over the 
area of the substrate face to irqprove the uniformity of 
esgposure. 

It is preferred to provide a sufficient flux of oxygen 
relative to the fl\ax of metal being deposited so that the 

25 metal ts fully converted into the intended metal -oxide 
compound. A sufficient flux will be that which results in the 
intended atomic- stoichiome try ratio of oxygen to otetal in the 
film co iupou nd. If the desired film is ZirO;, Chen equal nuadDers 
of Zr atoms and Oj molecules suj^lied from the gas i^iaae and 

30 fully reacted at 100% efficiency will yield the desired 
compound. Also, the metal- oxide film may be deposited in 
multiple layers w In a graded fashion ^erei^ the first 
layers, those nearest to the silicon su2»trate, are Conned 
with less than the full flux of oxygen whicA can assist with 

35 preventing the formation of a silicon- oxide layer at the 
silicon interface. Tlie graded flux of oxygen typically begins 
at 23 to 50% oxygen deficient in the atomic ratio expected 
for the fully oxygenated film. 
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IXiring the deposition of the mctal»oxide film. the 
Substrate ma/ be heaced. The choice of tcat^pcracare is 
Ooveroed by the desired morphology of the deposited film, 
including the extent o£ or absence of crystallinity . 
5 Generally room terr^jerature deposition results in amorphous 
filxRS, higher tcaperatures will cause the formation of 
partially cryetailine (polycry»talllne) films and oven higher 
temperatures in near single crystal and epicaxial £ilzD&. Matny 
of the metal-oxide compounds that are well suited £or the next 

10 generations o£ CMOS gate dielectrics are expected to be 
axtoxphous, fully oxygeoated and acoichlometric* and tolerant 
of brief heating to high tenperatures . Oxygen atoichiometry 
of the film during depositioa at lower substrate teinperatures 
is improved fay the use of oxyg«n -containing GCZB. vpon inpect 

IS of the clusters with the deposition surface the Jcinetic energy 
of the nanoporticle cluster is converted into a very brief but 
very high tecrv>erat\ire and pressure that serve to crack the 
oxygen or oxygen-containing molecules, rniis in txim renders 
the clusters his^y effective in forming the mstal-oxide 

30 ccampouRd intended, witHouc Che need for thermal energy from a 
heated substrate. In addition it is knotm in the art that 
low-energy ion Inpact during filia deposition t#ill result in a 
reduction of film stress and hence superior properties. 

Figures 5A through 5C show a se<juence of steps for thin 

25 film formation according to the third method of this 
invention. In Figure the silicon wafer substrate 510 is 

shovn after a native <»cide film has alreaudy been reznoved 
according to the method illustrated in Figure 4A. Tti^ gas 
forming clusters in the conventional GCIB appcuratus 550 are a 

30 (gas cluster) species 540 that will react appropriately with 
the simultaneously deposited material S60 from another source, 
such as evaporated or sputtered loetal, and form the thin-fiitn 
layer 530. An extxescely thin interfacial layer 520 may be 
formed. 

3S Next a nonolayer of at least one of the znetals with a 

high oxygen afflxiity. including 2r« Hf. Kg. Ti and Y. Is 
deposited onto the wafer surface. Finally, the GCZB source 
gas is changed to oxyg«n. or any condensable gas containing 
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oxygen, and is bonisarded onto the surface simultaneously with 
at least one metal from a thexmal or electron-beam evaporation 
source. Beam scanning ray be used and full oxidation must 
controlled, as described for the first tnethod of this 
5 invention. 

At the coirpletion of the exposure, sho»m in Figrure 5B, 
the film 535 that has been fonned. is inuch thicker. Again, the 
methods of this invention facilitate foniation of a nitrogen 
interfacial layer on the silicon and a metal- oxide dielectric 

10 film deposited without reoxidation of the silicon interface. 

Fijnally, as shown in Figure 5C. a metal layer 570 is 
fabricated onto the tpp surface of the flint 535. and circuitry 
580 ia attached so that the construction ' functions as a 
parallel -plate capacitor. 

IS Figure 6 shows a GCIB pcocessing eystem €00 aisdlar to 

the fona KnoMo In prior art and shown in Figure 1, but vhich 
has the Inprovenent of the addition of zoeans to heat the 
workpiece as is required for practicing some Btsps of the 
snethod of the present invention. Heated workpiece bolder 602 

20 has a resistive heating element (not shown) for heating the 
%K>rlqpiece holder 602 and ther^ heating the workpiece 152. 
which nay be a silicon i#afer substrate or such. An electrical 
cable 606 connects the resistive heating element of workpiece 
bolder 602 to workpiece holder heating power supply 604. 

2S Korkpiece holder heating power supply is adjustably operable 
to supply current for resistive heating of the workpiece 
holder 602. When power suE^ly 604 is operated, the workpiece 
IS2 and workpiece holder 602 are heated to a pre-adjusted 
tesperature and %men power supply 604 is not operated, the 

30 workpiece 152 is not heated by workpiece holder 602. 

Although the invention has been described with respecc to 
various erabodiments , it should be realized this invention ia 
also capable of a wide variety of further and other 
embodiments within the spirit and sc<9e of the appended 

35 claiiRS. 



Vfhat is claimed is: 
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CXAIKS 



A method for film deposition on a Bemlconductor, 



5 



conQ>rislQ9 the steps of: 

r^noving oxide from a surface of the semiconductor; 
terminating the surface of the semiconductor viith 



l^ydrogen; 

placing the semiconductor in a vacuum environntent; 
desorbing volatile Baaterials from the surface of the 



10 



semiconductor; and 

bonbardiniEr the surface of the semiconductor with 



gas -cluster ions in order to ren»ve said hydrogen; and 
forming a film on the etirface of the semiconductor. 



15 2. The jnethod of claim 1, n^roin said oxide is in the foxm 
of an oxide film. 

3. The method of claim 2< wherein said oxide film is a xiative 
oxide film. 



4. "me method of claim 1, %«berein said removing st«p is 
performed with an HP solution. 

5. ITie method of claim X, wherein said hydrogen termination 



6. Itie method of claim 1« wherein said desorption is 
performed hy heating the s«n& conductor. 

30 7. The metlsod of claim 6, wherein said heating taJtas place at 
a temperature between apprxTxiroately 200 and 400 *'C. 

B. Itie method of claim 1, wherein Che semiconductor coopprises 
a silicon wafer. 



9. Ihe method of claim 1, wherein the gas-cluster ions are 
reactive. 
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step is performed with an KF solution. 
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10. Tha inethod of claim 1, wherein the fibn formed on the 
surface of the semiconductor cooi^rlses a dielectric film. 

11. "The raethod of claim 1, further cos^rising the step of 

S depositing a metal film on said film on the surface of the 

sem conductor to form an HIS capacitor. 

12. A method for film deposition on a semiconductor, 
comprising the steps of: 

10 placing the sendconductor in a vacuum environxaent ; 

desorbing volatile materials from a surface of the 
sen)! conduc tor ; 

rescovlng oodde from the surface of the 
Bsmicondnctor ; 
tenalnatlng the surface of the sendconductor; and 
forming a f iljn oc the surface of the eeod conduc tor. 

13. The method of claira 12. ^Aierein reraoviiig said oxide is 
perfomed by bosdoarding said oxide with gas -cluster ions. 

20 

14. Tha method of clain 13, %Aerein said gas-cluster ions are 
inert. 

15. The method of claim IC, wberein said inert gas^cluster 
25 ions cosnprise argon gas-cluster ioms. 

16. The method of claim 12. i4ierein said desorption is 
performed fay heating the seadcoaductor . 

30 17- The method of claim 16. v^erein said heating taXes place 
at a tenperature between approximately 200 and 400 "C. 

18. Itie method of claim 12, wherein the semiconductor 
conprises a silicon waler. 
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Vha method of claim 12, vherain said terminating step is 
performed by bombarding the surface of the semiconductor 
with gas-cluster ions. 
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20. Hie method of claln 19. Wherein said goa-cluecer loos 
cooiprise nitrogen gas-cluster ions. 

5 21. The oMJthod of claim 12. wherein the stop of Conning said 
film on the surface oC the semiconductor is performed by 
boinbarding the surface of the semiconductor with gae- 
clust:er iona. 

10 22. The method of claim 21, wherein said gas-cluater ions 
comprise nitrogen gas-cluster ions. 

23. The method of claiin 14. wherein said terminating st^ is 
perforznad by botmbardlng the surface o£ the semiconductor 

IS with nitrogen gas-cluster ions. 

24. Tlte method of claim 23. wherein the steps of removing the 
oxide and terminating the surface are repeated at l<»ast 
one additional time. 

20 

25. The method of claim 12. further conoprlsing the step of 
depositing a steMl film on said film on the surface of the 
sesidconductor to form an ms capacitor. 

25 26. Tha method of claim 24, further conprisixtg the step o£ 

depositing a metAl film on said f ilot on the surface of the 
semlccoaductor to form an MIS ce^acltor. 

27. !Ilie method of claim 12. vdiereln the film formed on the 

30 surface of the semiconductor coinprises a dielectric film. 

28. A method for film deposit.ian on a seadconductor. 
coRcnrising the steps of : 

placing the semiconductor in a vacuum environment; 
35 desorbing volatile materials from a surface of the 

semiconductor; 

removing oxide from the but face of the 
semiconductor; 
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and 

fonaing a film on fche surface of the senlconductor . 

29. The method of claia 28, wherein reioovlng said oxide is 

S x>er£oxined by bonbarding said oxide %rith gaa-cluster Iods. 

30. l^ie merhod of claim 29, herein said gas- cluster ions are 
Inert. 

10 31. l^e method of claim 28, wherein said desorption is 
performed fay beating the semi condac tor. 

32. The method o£ claim 31, irtterein said heating takes place 
at a tecq;>eracure between approximately 200 and 400 

IS 

33. The method of claim 28, wherein the semiconductor 
COeagfriseB a silicon wafer. 

34. The Toethod of claim 28. wherein the step of forining said 
20 film on the surface of the semiconductor is performed by 

boDtMrding the surface of the semiconductor with gas- 
cluster ions while substantially simultaneously depositing 
a preselected material . 

25 35. T^e method of claim 34, wherein said preselected osaterial 
is selected fxont a group consisting of the elements Zr, 

Hf, Mg. Ti, and y. 

36. The method of claim 34. wherein said gas-cluster ions are 
30 reactive . 

37. The method o£ claim 34, idierein said preselected matstrlal 
is a vaporised metal. 
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38. The method of ' claim 28. £\irther conprising the st^ of 

depositing a metal film on said film on the surface of the 
semiconductor to form an HIS ceqpacitox. 
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39. The method o£ claim 28, wherein the film formed on the 

surface of the seaticonductor conprises a dielectric film. 
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